AB STR A CT The ability of the kidney to reabsorb bicarbonate is held to be a function of plasma C02 tension, carbonic anhydrase activity, and potassium stores. The effects of alterations of extracellular volume on bicarbonate reabsorption were studied in dogs whose arterial Pco2 was kept constant at 40 mm Hg (range 35-45 mm Hg).
35-45 mm Hg).
The effect of extracellular volume expansion was studied in dogs receiving hypertonic bicarbonate and isotonic saline, isotonic saline alone (two of the animals in this group received HCO to lower the plasma bicarbonate concentration), and isotonic bicarbonate. The results were similar in each group. Extracellular volume expansion depressed bicarbonate reabsorption. This depression was related not to changes in -glomerular filtration rate (GFR) or bicarbonate concentration, but to the increase of fractional sodium excretion. In addition, volume expansion with bicarbonate increased chloride excretion.
Bicarbonate loading was performed in tvo groups of dogs in which effective expansion of extracellular volume was minimized by hemorrhage or acute constriction of the thoracic vena cava. Both groups demonstrated enhanced bicarbonate reabsorption relative to that seen in the volume-expanded groups. Release of the caval ligature promptly decreased bicarbonate reabsorption.
Plasma potassium decreased in all animals studied, but the changes in bicarbonate reabsorption noted could not be related to the decrease.
This study demonstrates that the state of effective extracellular volume is a major determinant of bicarbonate reabsorption by the kidney.
INTRODUCTION
It is generally agreed that under normal conditions all of the bicarbonate filtered by the kidney is reabsorbed until the plasma concentration reaches 24-26 mEq/liter (in the dog), the so-called "renal bicarbonate thresh- old." When the plasma concentration rises above 26 mEq/liter a limited amount of bicarbonate (Tm), 2.6 mEq/100 ml, of GFR is reabsorbed. All of the filtered bicarbonate in excess of this quantity is excreted into the urine. The variables controlling the level of renal bicarbonate reabsorption are held to be the plasma C02 tension, carbonic anhydrase activity, and body potassium stores (1) .
Schwartz and coworkers (2) (3) (4) (5) have demonstrated that most types of metabolic alkalosis can be corrected by administration of sodium chloride without the correction of any accompanying hypokalemia. Since correction of metabolic acidosis is synonymous with decreasing renal bicarbonate reabsorption, this decrease in bicarbonate reabsorption is effected by a maneuver that seems not to involve the plasma Pco2, carbonic anhydrase activity, or body potassium stores. It is apparent that there must be at least one additional mechanism regulating bicarbonate reabsorption.
Saline administration might decrease bicarbonate reabsorption by raising the chloride concentration and/or by expanding extracellular volume (ECV) and thereby Bicarbonate reabsorption was studied in five groups of dogs. In the first group of seven dogs, after four control periods had been obtained, 0.7 M NaHCO3 was infused at 1 ml/min. After eight experimental periods, an infusion of 0.15 M NaCl at 10-15 ml/min was superimposed on the NaHCO3 infusion; four more experimental periods were then obtained.
In the second group of four dogs studied, 0.15 M NaCl was infused at 10-15 ml/min; two of the dogs received 40 and 60 ml of 1 N HCl in the first liter of NaCl to lower the plasma bicarbonate concentration; 12-16 experimental periods were obtained.
In the third group of five dogs studied, 0.15 M NaHCO3 was infused at 10-15 ml/min after three to four initial control periods were obtained; eight experimental periods were obtained.
In the fourth group of seven dogs studied, 100-200 ml of blood was collected during the two control periods, 0.7 M NaHCO3 was then infused at 1 ml/min; 100-200 ml of blood was collected at 30-min intervals thereafter; six to eight experimental periods were obtained. While the blood was being collected, 1-2 g of NaHCOs were injected to raise the plasma bicarbonate concentration. After each injection an equilibration period of 15-20 min was permitted before beginning a collection period.
In the fifth group of four dogs studied, two control periods were obtained; the thoracic inferior vena cava was 1 Phipps and Bird, Inc., Richmond, Va.
then partially ligated so as to raise the venous pressure below the ligature 100 mm of H20 above the control value. Two additional control periods were then obtained; 0.7 M NaHCOa was then infused at 1 ml/min. The plasma bicarbonate was raised in stepwise fashion by injections of 1-2 g of NaHCOs. After each injection, an equilibration period of 15-20 min was permitted before beginning a collection period; four to six experimental periods were then run. Each experiment was concluded by obtaining two to three additional periods after the caval ligature had been removed.
Arterial blood samples were obtained anaerobically via an arterial catheter. C02 tension and pH were measured on urine aspirated from the bladder by a glass syringe at the midpoint of each collection period. In order to insure complete urine collection, the bladder was washed with air at the end of each collection period. The C02 tension and pH of all specimens were measured immediately after collection.
The concentration of sodium and potassium in blood and urine were measured with an Instrumentation Laboratory flame photometer. Chloride in blood and urine was measured with a Buchler-Cotlove chloridometer.' The pH and CO2 tension of blood and urine were measured at 370C with an Instrumentation Laboratory pH-gas analyzer. The concentration of C02 used to calibrate the C02 curve on this machine was checked for accuracy by both gas chromatography and Scholander determinations. The glomerular filtration rate was determined from the clearance of iothalamate-125. Iothalamate-125 was counted in blood and urine by a Packard well counter attached to a Packard automatic scaler.' The validity of this technique as a measure of glomerular filtration rate was checked by running simul-2 Instrumentation Laboratory, Inc., Lexington, Mass. 8 Buchler Instruments, Fort Lee, N. J. 'Packard Instrument Co., Downers Grove, Ill. 
4).
The bicarbonate concentration in blood and urine was calculated from the Henderson-Hasselbalch equation. A pK' of 6.1 was used for blood. The pK' used for urine was 6.33 -0.5 V B, where B represents the total cation concentration estimated as the sum of sodium plus potassium expressed in equivalents per liter. The solubility coefficients used to convert CO2 tension to H2CO3 were 0.0301 and 0.0309 for blood and urine, respectively. No correction for a Donnan factor was made in any of the calculations.
RESULTS
Volume expansion Group 1, hypertonic NaHCOa and isotonic NaC1. In this group of seven dogs, hypertonic bicarbonate was slowly infused. After measurements of bicarbonate reabsorption were made, volume was expanded with isotonic NaCI. Bicarbonate reabsorption fell markedly in each animal. A representative study is presented in Table I .
In this study bicarbonate reabsorption was complete during the control period. The infusion of hypertonic bicarbonate raised the plasma bicarbonate concentration from 18.5 to 28.2 mEq/liter. At this point bicarbonate reabsorption was 1.84 mEq/100 ml GFR. With saline infusion, the plasma bicarbonate fell slightly from 28.8 to 25.7 mEq/liter. Bicarbonate reabsorption, however, halved, reaching a low level of 0.95 mEq/100 ml GFR. This decrease in bicarbonate reabsorption was associated with a marked increase in fractional sodium excretion, the highest value noted being 29.3%. The plasma potassium was 3.4 mEq/liter at the start of this experiment; it was 2.6 mEq/liter at its conclusion. Since hypokalemia has been associated with increased bicarbonate reabsorption, it is apparent that change in the plasma potassium concentration played no role in the decrease in bicarbonate reabsorption seen in this experiment.
Group II, isotonic NaC1. This group of four dogs received isotonic saline alone in order to judge the effect of volume expansion on the bicarbonate threshold. While no clearance periods were run before the administration of saline, the urine bicarbonate concentration was measured before the saline was infused and was zero in all four animals. A representative experiment is shown in Table II. In this experiment, where 40 ml of 1 N HCl were given with the first liter of saline, saline diuresis was alreadly established by the time the first collection period began. Despite the fact that the plasma bicarbonate concentration was only 14.1 mEq/liter, there was a small amount of bicarbonate present in the urine (7 gEq/min). As the magnitude of the saline diuresis increased, bicarbonate excretion increased to a high of 41 /LEq/min despite little change in the plasma bicarbonate concentration or in the GFR. This experiment is not remarkable for the magnitude of the bicarbonate diuresis noted, but rather for the fact that any bicarbonate at all was present in the urine at such a low plasma concentration. It clearly demonstrates that volume expansion with isotonic saline lowers the bicarbonate threshold. In this experiment the bicarbonate threshold is about 14-15 mEq/liter instead of the ac- Group III, isotonic NaHCOs. Five dogs were volume expanded with isotonic NaHCOs to determine if volume expansion alone would depress bicarbonate reabsorption independent of chloride administration. As shown in the experiment presented in Table III . ECV expansion with isotonic NaHCO3 depressed bicarbonate reabsorption in a fashion similar to that observed when the ECV was expanded with isotonic saline. As the fractional excretion of sodium rose from less than 1 to over 16%, bicarbonate reabsorption fell despite a rising plasma bicarbonate concentration. When the plasma bicarbonate was 38.9 mEq/liter and the fractional sodium excretion 16.8%, the bicarbonate reabsorption was only 1.46 mEq/100 ml GFR. Chloride excretion which had been zero, also rose reaching a high level of 59 mEq/min. Table IV presents the maximum inhibition of bicarbonate reabsorption noted in all the dogs subjected to volume expansion. A standard plot of bicarbonate reabsorption per 100 ml of GFR vs. the plasma bicarbonate concentration is shown in Fig. 1 . This plot includes all the points from each experiment in groups I through III. Thus, there are points obtained from each animal both before and during volume expansion. There is no discernible relationship apparent on this graph between bicarbonate reabsorption and plasma concentration. A similar plot is presented in Fig. 2 Group V. Bicarbonate reabsorption was studied in four dogs subjected to acute ligation of the thoracic inferior vena cava, a maneuver known to prevent effective expansion of the ECV (6, 7) . Fluctuation of the GFR was not a problem in these animals. The results obtained in this group were almost identical with those obtained in Group IV. Bicarbonate reabsorption rose as the plasma bicarbonate rose. A sample experiment is shown in Table VI . In this experiment, bicarbonate reabsorption was 3.22 mEq/liter when the plasma bicarbonate was 40.8 mEq/liter. At this point, fractional sodium excretion was 3.4% and chloride excretion 3 ,uEq/min. When the caval ligature was released, the association between plasma bicarbonate concentration and bicarbonate reabsorption was broken. There was only a slight fall in plasma bicarbonate to 37.1 mEq/liter; bicarbonate reabsorption, however, fell to 1.78 mEq/100 ml GFR; fractional sodium excretion rose to 10.3%; and chloride excretion rose to 90 MEq/min. Table VII presents the highest rate of bicarbonate reabsorption noted in each animal in the two groups in which volume expansion was blunted. All the points obtained in these two groups are plotted in Fig. 4 . The direct relationship between bicarbonate reabsorption and plasma bicarbonate concentration is apparent.
ECV expansion with bicarbonate was found to depress chloride reabsorption as well as bicarbonate. (8) and animals subjected to acute respiratory acidosis (9) . This effect has been attributed to an increase in the plasma chloride concentration.
NaCl also depresses bicarbonate reabsorption in subjects with virtually all forms of metabolic alkalosis save that seen in primary aldosteronism (2) (3) (4) (5) Volume expansion is known to depress sodium reabsorption (11) (12) (13) (14) . Fig. 3 demonstrates that as sodium reabsorption is inhibited so is that of bicarbonate. Fig. 5 shows that when volume is expanded with isotonic NaHCO8 chloride reabsorption is also inhibited. These observations lend further weight to the thesis that acute expansion of effective ECV, by whatever means, results in decreased chloride and bicarbonate reabsorption, most likely as a consequence of depressed sodium reabsorption.
Volume expansion with NaHCOs alone has not previously been shown to depress bicarbonate reabsorption. Pitts and Lotspeich (8) infused bicarbonate at rates equivalent to those used in this study. However, they used hypertonic NaHCO3 raising the plasma bicarbonate concentration to almost 60 mEq/liter. Such a procedure results in marked metabolic alkalosis and hypernatremia which by itself might change the rate of bicarbonate transport. In this study, when volume was expanded with isotonic NaHCO3, the pH was always less than 7.60 and the plasma sodium concentration was less than 150 mEq/liter. Some of Pitts and Lotspeich's dogs were made acidotic with NH4C1 before being studied. These animals may have been volume depleted because of this maneuver and thus relatively resistant to volume expansion. In addition, the plasma Pco2 was not controlled and their animals were unanesthetized. A recent study (15) has suggested that dogs are more easily volume expanded when anesthetized. While the infusion rates in Pitts and Lotspeich's study were equivalent to those used in this study, the rate of infusion relative to GFR was much less. The GFR's of their animals ranged from 50 to 100 ml/min, while the range of GFR of the animals in group III of this study was 20-50 ml/min. Since NaHCOs is so much more readily excreted than NaCl, more of it, relative to GFR, must be given to cause effective expansion of ECV.
The finding that ECV expansion inhibits bicarbonate reabsorption in the dog is in accord with studies in the rat that have demonstrated that volume expansion depresses bicarbonate reabsorption in the proximal tubule (16) and that over-all bicarbonate reabsorption is depressed by volume expansion (17) .
This study also demonstrates that when volume expansion during bicarbonate loading is prevented or minimized, no Tm is reached. Bicarbonate reabsorption rises as the plasma bicarbonate concentration rises, albeit with a marked splay. This observation is in agreement with studies in humans (18) 
